Potassium Channels: Complete and Undistorted  by Grottesi, Alessandro et al.
typical consensus for PIKKs.
Further, both studies [1,2] found
proline-directed phosphorylated
sites in Rad53, suggesting that
the cell cycle kinase CDK1 might
directly modulate Rad53 activity,
as also supported by recent
observations implicating CDK1 in
checkpoint activation [18].
We note that the DNA damage-
dependent phospho-residues
found by the two studies [1,2] do
not always overlap (Figure 1). In
particular, Smolka et al. [1] found
phospho-residues in the S/T-Q
cluster at the amino-terminal part
of Rad53 in cells damaged with
MMS, whereas the same sites
were not identified by Sweeney
et al. [2] in cells treated with 4-
NQO (Figure 1). An attractive
hypothesis is that, depending on
the nature of the primary DNA
lesions, the in trans
phosphorylation by PIKKs is
required not only to activate
Rad53, but also to direct the
active form of the kinase to the
appropriate signaling pathway, by
creating specialized phospho-
interfaces in the Rad53 protein.
Indeed, the genetic requirements
influencing Rad53 activation in
response to MMS or 4-NQO are
different [10,19].
Considering that Rad53 and
Rad9 are phosphorylated at
multiple sites, the two models for
Rad53 activation may not be
necessarily exclusive
(Figure 2A,B) and could be
reconciled in a stepwise model in
which Rad9 acts both as an
adaptor mediating the interaction
between Mec1 and Rad53 and as
a scaffold protein facilitating the
concentration of Rad53 molecules
(Figure 2C).
Once again, phosphorylation at
multiple sites emerges as a
common strategy in kinase-based
signal transduction processes.
This mechanism of activation, in
theory, would be ideal to avoid
futile activation of the pathway
when the signal is below a certain
threshold. Further, the
redundancy of phospho-sites
represents a warranty for the cell
against mutations on those
residues, as the inactivation of
one of these sites should not
necessarily impair the
transduction cascade.
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Voltage-gated potassium (Kv)
channels are potassium selective
ion channels which are activated
by a change in transmembrane
voltage. They play a key role in
the physiology of excitable cells
[1], and are related to voltage-
gated sodium and calcium
channels. Thus, an understanding
of the mechanism of Kv channels
will also inform our understanding
of sodium and calcium channels,
as illustrated by the recently
reported crystal structure of a
mammalian voltage-gated
potassium channel [2].
Potassium Channels: Complete
and Undistorted
The recently determined structure of a mammalian voltage-gated
potassium channel has important implications for our understanding of
voltage-sensing and gating mechanisms in channels. It is also the first
crystal structure of an overexpressed eukaryotic membrane protein.
A Kv channel contains three
key elements: the pore, the gate
and the voltage-sensor (VS). The
pore provides a low energy
pathway across a membrane for
K+ ions. The structure of the pore
is largely conserved between
different K+ channels, and has
been characterised in some
detail for the “simple” bacterial
channel KcsA [3]. The gate is at
the intracellular end of the pore
and controls whether the pore is
open (ion conducting) or closed.
The conformational transition
from closed to open of Kv
channels is triggered by a change
in voltage across the cell
membrane. This change in
voltage is detected by a separate
domain, the voltage sensor (VS).
The VS contains a helix, S4,
which contains multiple positively
charged arginine residues. In
response to a change in
membrane voltage, S4 moves, in
turn changing the
conformation/orientation of the
VS domain, leading to opening of
the gate which enables
potassium ions to flow rapidly
(~108 ions sec–1) through the
central pore.
Bacterial K+ channel structures
have revealed the structure of the
pore, and have indicated the
location and nature of the gate.
However, the structure of a
bacterial Kv homolog, KvAP [4],
has proved controversial as a
basis for models of voltage
sensing [5]. The recent X-ray
structure of an intact mammalian
Kv channel, Kv1.2 [2], is thus a
major event in terms of
understanding the molecular
mechanism of Kv channels [6].
The crystal structure (Figure 1) of
Kv1.2 appears to be of an open
state channel, ‘undistorted’ by
the crystal environment, and
reveals clearly the structure of
the gate and voltage sensor. It
should be added that the crystal
structure does not simply consist
of the transmembrane domain of
Kv1.2, but also the T1 domain,
responsible for channel
assembly, and a channel-
regulatory Kvβ subunit. The
structures of these two regions in
isolation and in a complex had
already been determined [7–9],
but this is the first time the X-ray
structure of the complex channel
assembly has been determined.
The Pore and the Gate
The current view of K+ channel
gating is that the pore is blocked
by a hydrophobic constriction at
its intracellular mouth,
corresponding to the crossing
point of the S6 helices. When the
membrane is depolarized the S6
helices change their
conformation so that the gate
opens, thus enabling ions to flow.
The recent structure of Kv1.2 [2]
— which corresponds to an open
state of the channel, in contrast
with KcsA which is in a closed
state — suggests the nature of
the conformational change in the
S6 helices that opens the
channel.
Inspection of the molecular
structure reveals that all S6
helices of the channel are bent
outward from the central pore
axis (see Figure 2A). This results
in a pore radius in the region of
the gate of >4 Å. In contrast, in a
model of a closed state of Kv1.2,
based on the crystal structure of
KcsA, the pore radius is ~1 Å.
Thus, upon opening, the
expansion in pore radius enables
the internal cavity of the pore to
gain unrestricted access to the
bulk solvent, removing any
barrier to ion permeation at the
intracellular gate.
The Kv1.2 structure is
suggestive of the mechanism of
the conformational change that
underlies channel opening. The
sequences of the pore-lining S6
helices in mammalian Kv
channels contain a conserved
Pro-X-Pro motif. This motif
disrupts the hydrogen bond
network of the α-helix and
introduces a flexible kink into the
S6 helix. A number of mutational
[10] and related [11,12]
experimental studies have
implicated this motif in the gating
mechanism of Kv channels, while
computational studies have
revealed the potential flexibility it
introduces into S6 [13,14]. The
Kv1.2 structure confirms that in
the open state of the channel the
S6 helix is indeed kinked in the
vicinity of the Pro-X-Pro.
Interestingly, in other K channels
a similar role is played by a
glycine hinge [15,16]. Thus, it
seems that there is a general
model for K channel gating in
which a molecular hinge in the
pore-lining helices — Pro-X-Pro
in Kv channels, Gly in others —
enables a conformational change
which opens/closes the channel.
In Kv1.2 the gate is linked
indirectly to the voltage sensor
via an α-helical S4-S5 linker
which is in contact with the S6
helix. This linker couples the
conformation of the gate to
movement of the sensor.
The Voltage Sensor
KvAP is a bacterial homolog of
mammalian Kv channels.
However, the conformation of the
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Figure 1. Solvent
accessible surface
representation of the Kv1.2
crystal structure.
The transmembrane domain
is shown in blue (S1 to S4,
the voltage sensor),
magenta (the S4-S5 linker),
and green (S5 to S6, the
pore). The T1 domain is in
red, and the Kvβ subunits in
gray. The pale gray band
indicates the approximate
location of the lipid bilayer
in which the channel is
embedded. The arrows indi-
cate the pathway of K+ ions
into and out of the pore.
VS within the full length KvAP
channel is at odds with
biophysical and physiological
data and is believed to represent
a non-native state. Conversely
the isolated KvAP VS domain
structure is in better agreement
with most experimental data and
is therefore thought to represent
a near native conformation.
Although the structure of the VS
within the Kv1.2 structure is
incompletely resolved, it reveals
the S1, S2, S3, S4 helices and the
S4-S5 linker. Superimposition of
the VS domain of Kv1.2 with the
isolated VS domain of KvAP
reveals that the basic folds of the
two are very similar (Figure 2B). It
therefore seems that the
structure of the Kv1.2 captures
the VS in a native conformation.
In particular, the positively
charged voltage-sensing S4 helix
adopts a transbilayer orientation.
This is in agreement with
experiments that suggest an
isolated S4 helix can be stably
inserted into a membrane [17].
From the Kv1.2 crystal
structure it is evident that each
VS is loosely positioned against
the pore-forming helices of an
adjacent subunit, via the S4-S5
linker helix. In this arrangement
much of the VS will be
surrounded by lipid. The first four
arginines on the S4 helix are the
key elements for voltage sensing
and their chemical environment
has been the subject of some
debate. The crystal structure for
Kv1.2 [2] shows that the first two
arginines are located on a lipid-
facing surface whereas the latter
two arginine residues face the
protein, forming salt bridges with
acidic amino acids of the S1 and
S2 helices. Several models have
been proposed to account for the
conformation changes that
accompany the voltage sensor
upon changes in membrane
potential [18,19]. In two of these
models, namely the canonical
and the transporter, the arginines
are sequestered away from the
membrane by packing the S4
helix tightly against the S1-S3
helices and the pore-lining
helices. This is contrary to the
Kv1.2 crystal structure findings
[2], so it is likely that these
models are incorrect. The
alternative paddle and twisted-S4
models predict that the positively
charged S4 helices are
significantly exposed to the
surrounding membrane
environment, which appears to
be in agreement with the Kv1.2
crystal structure. Thus, any
model of Kv channel gating will
have to take into account the
dynamic interactions of the lipid
bilayer with the S4 helix during
the conformational transition that
underlies voltage sensing.
In conclusion, the structure of
Kv1.2 [2] provides a crucial
platform for further studies of the
V-gating mechanism of ion
channels. Furthermore, this
structure of a mammalian ion
channel will prompt structure
determination of many more
mammalian membrane proteins.
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helices are in green, with the PVP hinge motif (to which an arrow points) in red. The
remainder of the protein backbone is in gray. (B) The structure of the isolated voltage
sensor domain of KvAP (ribbons) superimposed on the corresponding VS domain of
Kv1.2 (helices shown as solid cylinders). The voltage sensing S4 helix is in blue, with
S1, S2, S3 in red, purple and green respectively.
from Shaker potassium channel:
simulation studies. Biopolymers 64,
303–313.
14. Bright, J.N., and Sansom, M.S.P. (2004).
The Kv channel S6 helix as a molecular
switch: simulation studies. IEE Proc. -.
Nanobiotechnol. 151, 17–27.
15. Jiang, Y., Lee, A., Chen, J., Cadene, M.,
Chait, B.T., and MacKinnon, R. (2002).
The open pore conformation of
potassium channels. Nature 417,
523–526.
16. Grottesi, A., Domene, C., and Sansom,
M.S.P. (2005). Conformational dynamics
of M2 Helices in KirBac channels: helix
flexibility in relation to gating via
molecular dynamics simulations.
Biochem., in press.
17. Hessa, T., White, S.H., and von Heijne,
G. (2005). Membrane insertion of a
potassium-channel voltage sensor.
Science 307, 1427.
18. Swartz, K.J. (2004). Towards a
structural view of gating in potassium
channels. Nat. Rev. Neurosci. 5,
905–916.
19. Sands, Z., Grottesi, A., and Sansom,
M.S.P. (2005). Voltage-gated ion
channels. Curr. Biol. 15, R44–R47.
Department of Biochemistry, University
of Oxford, South Parks Road, Oxford
OX1 3QU, UK.
E-mail: mark@biop.ox.ac.uk
DOI: 10.1016/j.cub.2005.08.054
Current Biology Vol 15 No 18
R774
Wolf-H. Kunau
A fundamental issue of
peroxisome biogenesis has finally
been resolved. A new paper by
Hoepfner et al. [1]. reports
compelling evidence for a
maturation pathway of
peroxisomes starting from the
endoplasmic reticulum (ER).
Peroxisomes are dynamic
organelles present in virtually all
eukaryotic cells [2,3]. Their size,
number and protein content are
adjusted to meet the cell’s
metabolic needs. Since
peroxisomes were discovered,
their origin has been
controversial. The prevailing view
has changed several times
between two alternative
pathways, mostly reflecting
results obtained with new systems
or techniques. On the basis of the
primitive character of the
metabolic functions of
peroxisomes known at that time,
deDuve [4] discussed the
possibility that they are
autonomous organelles evolved
from an endosymbiont, in a similar
manner to mitochondria and
chloroplasts. Almost at the same
time, Novikoff and Shin [5]
rigorously defended the idea that
peroxisomes bud off the
endoplasmic reticulum, primarily
on the strength of apparent
morphological connections
between the two structures. In
1985, Lazarow and Fujiki [6] again
proposed that peroxisomes are
autonomous organelles which
proliferate by ‘growth and
division’ of pre-existing ones.
The key observations
underlying this last idea were
that peroxisomal matrix and
membrane proteins are
synthesized on free ribosomes
and are post-translationally
sorted to their destination. These
features classified them together
with mitochondria and
chloroplasts. This ‘growth and
division’ model became the
prevailing view of the
peroxisome field for many years,
especially as some of its
predictions were experimentally
verified. Genetic studies in fungal
and mammalian cells led to the
discovery of a still growing
number of proteins essential for
peroxisome biogenesis
(peroxins) [2,3]. Among these are
two peroxisomal import
receptors, which each
specifically recognize one out of
two targeting signals on
peroxisomal matrix proteins.
Moreover, these studies led to
the discovery of a number of
peroxisomal membrane proteins
(PMPs) among the peroxins,
which were suspected to be
components of the translocation
machinery for matrix proteins.
The peroxisomal membrane
proteins use post-translational
sorting mechanisms that are
independent of the machinery by
which the matrix proteins reach
their destination [2,3]. In most
mutants defective in the import of
matrix proteins, membrane
proteins can be found correctly
inserted into peroxisomal ghosts.
Exceptions are three mutants:
pex3∆, pex16∆ and pex19∆. Cells
of these mutants completely lack
peroxisomal membrane structures
and mislocalize their PMPs to the
cytosol where they are rapidly
degraded [2,3]. Nevertheless,
such mutants regain peroxisomes
readily upon transformation with
the corresponding wild-type gene.
These properties indicated that
these three peroxins, Pex3p,
Pex16p and Pex19p, are
important for early steps in the
formation of peroxisomal
membranes.
The surprising ability of
peroxisomes to regenerate,
together with a steadily growing
body of other suggestive
observations, led some groups to
challenge the ‘growth and
division’ model and to seriously
consider the ER as origin of the
peroxisomal membrane [7,8]. Two
representative examples are the
observations in Hansenula
polymorpha that the first 16 amino
acids of Pex3p sort heterologous
proteins to the ER [9], and that
upon synthesis of the initial 50
amino acids of Pex3p in pex3
deletion cells various vesicles
were formed that arose from the
nuclear membrane [10]. These
vesicles showed peroxisomal
characteristics and upon
subsequent synthesis of wild-type
Pex3p a portion of them
developed into normal
peroxisomes. For a number of
Peroxisome Biogenesis: End of
the Debate
The long-standing and thorny issue of the origin of peroxisomes has at
last been solved. New evidence demonstrates conclusively that the
peroxisomal membrane originates from the endoplasmic reticulum.
This process requires the two peroxins Pex3p and Pex19p leading to
intermediate structures that then mature into functionally competent
organelles.
